Introduction
Synthetic or natural heterocyclic compounds containing spirooxindole framework are endowed with a wide range of pharmacological activities [1] . The 3-substituted indole nucleus substructure is one of the most important heterocyclic found in natural products, pharmaceutical and medicinal chemistry [2] . The heterocyclic spirooxindoles are attractive targets of medicinal chemistry due to the wide range of pharmacological activities such as anticancer, anti-microbial, anti-malarial,anti-mycobacterium, anti-oxidant and anti-fungal activities [3] . Catalytic stereo-selective synthesis of diverse oxindoles and spirooxindoles were obtained from isatins [4] . Their preparative methods suffer from tedious synthetic routes, longer reaction time, drastic reaction conditions, as well as narrow substrate scope [5] . Spirocyclic oxindoles have been generated containing a six-membered spiro cyclic moiety, especially a six membered piperidine structure. These compounds have a broad spectrum of biological activities, non-peptidyl growth hormone secretagogues and potent nonpeptide inhibitors that may have utility as anti-cancer agents [6] . An effective reflexive-Michael reaction has been disclosed to access drug-like six-membered spirooxindoles in good yields and excellent antio-selectivities by using amino enzymecatalysis [7] . Novel dispirooxindole-pyrrolidine deri-vatives have been synthesized through 1,3-dipolar cycloaddi-tion of an azomethineylide generated from isatin and sarco-sine with the dipolarphile 3-(1H-indole-3-yl)-3-oxo-2-(2-oxo indolin-3-ylidene)propanenitrileand also spiro compound of acenaphthenequinone obtained by the same optimized reaction condition. The synthesized compounds were evaluated for their antimicrobial activity and all the compounds showed significant activity [8] . Recent advances in the synthesis of biologically active spirooxindoles with potential use as therapeutic agents were reported [9] . The search for novel anti-cancer agents with more selectivity and lower toxicity continues to be an area of intense investigation. The unique structural features of spirooxindoles together with diverse biological activities have made them privileged structures in new drug discovery [10] . Non-isothermal decomposition kinetics of chitosan [11] , chitin [12] , cephalosporins [13] , procaine and benzocaine [14] , theobromine [15] and spirooxindole [16] were studied in detail and appropriate kinetic models were proposed. 3-Chloro oxindoles are versatile starting materials for asymmetric organo catalytic synthesis of spirooxindoles.
Literature data show that no work has been reported on thermal decomposition of spirooxindoles by one-pot multicomponent system at different heating rates (10, 15, 20 and 30 K/min) under non-isothermal condition in nitrogen atmosphere. In this paper, we report the synthesis and thermal decomposition of 2'-amino-6'-(1H-indol-3-yl)-1-methyl-2-oxospiro[indoline-3, 4'-pyran]-3', 5'-dicarbonitrile ( Figure 1 ) [17] and its thermal decomposition under nonisothermal dynamic nitrogen atmospheric condition. The kinetic and thermodynamic parameters were calculated by using model-fitting and model free-methods. 
Experimental

Preparation of 2'-amino-6'-(1H-indol-3-yl)-1-methyl-2-oxospiro[indoline-3,4'-pyran]-3',5'-dicarbonitrile (AIMOIPD)
To a stirred solution of N-methyl isatin (0.147 g, 1 mmol), ethylcyano acetate (0.066 g, 1 mmol), 3-cyanoacetyl indole (0.184 g, 1 mmol) in methanol (10 mL) and triethylamine (20 mol %) were added and stirring was continued for 30 min. On completion, the reaction mixture was poured into crushed ice and the precipitate formed was filtered, dried and purified by column chromatography to afford the pure product. The isolated product was further purified by recrystallization in ethanol and the appropriate yield of the product was 89%. 
Instrumentation
Elemental analysis was performed at Central Leather Research Institute (CLRI), Chennai, India. IR measurements were done as KBr pellets for solids using Perkin Elmer Spectrometer RXI FT-IR. The 1 H and 13 C NMR spectra were recorded in DMSO-d6, using TMS as internal standard with JEOL ECA-500MHz high resolution NMR spectrometer. The mass spectrum was recorded using an Electrospray Ionization Method with ThermoFinnigan mass spectrometer. Melting point was determined in capillary tubes and is uncorrected. Analytical TLC was performed on pre-coated plastic sheets of silica gel G/UV-254 of 0.2mmthickness. The simultaneous TGA curves were obtained with the thermal analysis system model Perkin Elmer TAC7/DX (Thermal Analysis Controller TAC-7). The TG/DTG analyzes of AIMOIPD were carried out under dynamic nitrogen atmosphere (100 mL/min) in an iron pan with the sample at the heating rates 10, 15, 20 and 30 K/min from 30 to 1150°C.TG/DTG was recorded at Indian Institute of Technology, Chennai, India. The kinetic parameters Ea and A were calculated using Microsoft Excel Software. The sample temperature which was controlled by a thermocouple, did not exhibit any systematic deviation from the preset linear temperature program.
Theoretical background
Model fitting method
For non-isothermal experiment, model fitting involves different models to α -temperature (α-T) curves and successfully determine Ea and A. There are numerous nonisothermal model fitting methods and the most popular one is the Coats and Redfern method [18] . This method has been most successfully used for studying the kinetics of dehydration and vaporization of different solid substances [19] . The kinetic parameters can be derived from modified Coats and Redfern Equation (1),
where g(α) is an integral form of the conversion function (α), the expression of which depends on the kinetic model of the occurring reaction. If the correct g(α) function is used, a plot of ln[g(α)/T 2 ] against 1/T should give a straight line from which the values of the activation energy, Ea and the pre-exponential factor, A can be calculated.
Model free methods
Friedman method [20] is a differential method and is one of the first used iso-conversional methods. This model according to logarithmic form of Equation (3).
The plots of ln(β.dα/dT) vs 1/T (Equation (3)), at each α value were drawn and from the slope of the plots, we can calculate Ea values.
The isoconversional integral method suggested independently by Flynn and Wall [21] and Ozawa [22] , and is based on the Equation (4),
and for Kissinger-Akahira-Sunose (KAS) method [23, 24] , Equation (5) is used.
The plots of ln(β dα/dT) vs 1/T (Equation (3)), lnβ vs 1/T (Equation (4)) and ln(β/T 2 ) vs 1/T (Equation (5)) have been shown to give the values of apparent activation energies for the decomposition of AIMOIPD at different values of α. According to these equations, the reaction mechanism and shape of g(α) function do not affect the values of the activation energies of the decomposition stages.
Thermodynamic parameters
The kinetic parameters, energy of activation (Ea) and preexponential factor (A) obtained from Kissinger single point [23] kinetic method uses the Equation (6):
where Tm is the temperature that corresponds to the maximum of d/dT. This model-free kinetic method can be applied with a reasonable approximation without being limited to n-order kinetics [25] , by providing a single Ea value for each reaction step.
Based on the values of activation energy and preexponential factor for the decomposition stage, the values of ∆S ≠ , ∆H ≠ and ∆G ≠ for the formation of activated complex from the reactant were calculated [25] [26] [27] .
Results and discussion
Non-isothermal TGA
The TGA method of thermograms of pure AIMOIPD recorded in a dynamic nitrogen atmosphere at different heating rates of 10, 15, 20 and 30 K/min are represented in Figure 2 . The thermal decomposition process of AIMOIPD was observed in three stages. The thermogravimetric curves showed that the first stage decomposition starts at 150 °C and ends at about 275 °C with the corresponding mass loss of 28.46%. The second-stage decomposition starts at 275 °C and ends at about 550 °C with the corresponding mass loss of 41.26%. The third stage starts at 550 °C and ends at about 840 °C with the corresponding mass loss of 9.41%.
Model -free analysis
The non-isothermal decomposition kinetics of AIMOIPD was first analyzed by model-free methods viz., Friedmann, Kissinger-Akahira-Sunose and Flynn-Wall-Ozawa. The data showed the decomposition of apparent activation energy Ea, as a function of extent of conversion α for the decomposition of AIMOIPD. At all the stages, Ea value increases slightly in the conversion range of 0.12 ≤ α ≤ 0.98. It was pointed out [28] that when Ea changes with α, the Friedmann and KAS isoconversional methods led to close values of Ea for all the stages. The applied isoconversional method does not suggest a direct way for evaluating either the pre-exponential factor or the analytical form of the reaction model f(α) for the investigated decomposition process of AIMOIPD.
In the first stage decomposition of AIMOIPD, the values of Ea corresponding to the values of α for the decomposition process obtained by Friedmann, KAS and FWO methods are given in Figure 3 
Model-fitting analysis
After carrying out model free analysis, model fitting can be done in the conversion region where apparent activation energy is approximately constant where a single model may fit. The non-isothermal kinetic data of AIMOIPD at 0.12 ≤ α ≤ 0.98 where model free analysis indicated approximately constant activation energy, were then fitted to each of the 15 models listed in the Tables 1-3 for stages I, II and III, respectively. The values of Arrhenius parameters were computed by applying Coats-Redfern method. It is found that these parameters are highly variable, exhibiting strong dependence on the reaction model chosen. The decomposition stages are also confirmed by invariant kinetic parameters method. 
Invariant kinetic parameters (IKP) analysis
The invariant kinetic parameters were calculated for the heating rates of 10, 15, 20 and 30 K/min using Coats-Redfern method, in the range 0.12 ≤ α ≤ 0.98 for AIMOIPD, the straight lines corresponding to Coats-Redfern method is characterized by correlation coefficient values close to unity.
For several groups of apparent activation parameters, obtained by different kinetic models, we tried to establish the best combination (r → 1), a better resolution in determining the Invariant kinetic parameters and closet value to the mean isoconversional activation energies [29] [30] [31] .
In stage I for AKM-{A2}, the plot of ln A vs Ea has the highest correlation coefficient and is a straight line ( Figure 6 ). The invariant kinetic parameters, Einv =231.89 kJ/mol and ln Ainv = 53.70 are obtained with r = 0.997 ( Figure 6 ). For these group, the invariant activation energy is almost equal Ea = 231.89 kJ/mol compared to Friedman, KAS and FWO methods (230.57±0.52 kJ/mol, Friedmann; 229.76±0.43 kJ/mol, KAS; 226.45±0.42 kJ/mol, FWO). For stage II, a better resolution in determining the invariant kinetic parameters and the correlation coefficients ( Figure 7) show a good agreement of all kinetic models. The efficiency of IKP method is strongly revealed by AKM-{A2} ( Figure 7 ) and even by AKM all kinetics models which comprise all the best-fitting function that makes it a more powerful method. The invariant activation energy Ea =232.46 kJ/mol is close to KAS method. The invariant kinetic parameters are Einv = 232.46 kJ/mol and ln Ainv = 46.11 obtained with r = 0.983.
In third stage for AKM-{F3} the plots of ln A vs Ea has the highest correlation (r = 0.999) (Figure 8 ). Depending on the choice of kinetic models, the compensation effect parameters are obtained with different accuracies, their values and the derived invariant activation parameters varying substantially. For AKM-{F3}, the invariant kinetic parameters are 540.56 kJ/mol and ln Ainv = 74.40 obtained with r = 0.999. For these groups, the invariant activation energy is slightly above 6 units (Ea = 537.95±0.62kJ/mol) and 14 units below (Ea = 524.74 kJ/mol) that obtained by Friedman and FWO methods.
Determination of kinetic models
The most probable kinetic model for the first stage decomposition process of AIMOIPD is F2. By introducing the derived reaction g(α)=[(1-α) -1 -1] the following equation is obtained.
The plots of [(1-α) -1 -1] against Ea p(x)/βR at the different heating rates are shown in Figure 9 . By using Equation (7), the values of A was determined from the slope of the line shown in Figure 9 . By applying second-order F2 model Ea = 230.57±0.52 kJ/mol, the pre-exponential (frequency) factor A = 2.097×10 23 The most suitable kinetic model for stages II and III is F3 (third-order). By introducing the derived reaction model g(α)=0.5 [(1-α) -2 -1], the following equation is obtained.
The plots of 0.5[(1-α) -2 -1] against Ea p(x)/R.β at the different (Figures 10 and 11) heating rates are considered. By using Equation (8) , the values were calculated from the slopes of the line shown in Figures 10 and 11 . By applying the thirdorder model F3, Ea = 228.68±0.41 kJ/mol; Ea = 537.95±0.62 kJ/mol, stages II and III, respectively, the pre-exponential (frequency) factor A= 1.060×10 20 
where (1-α) 2 , (1-α) 3 represent the differential form of F2 (second-order), F3 (third-order) reaction model for stages I and II, III, respectively. The thermodynamic parameters ∆S ≠ , ∆H ≠ and ∆G ≠ were calculated at the peak temperatures in reference [32] TG and DTG curve for the corresponding stages [33] . Since the temperature characterizes the higher rate of decomposition, it is an important parameter.
Thermodynamic parameters
As can be seen from the Table 4 , the value of ∆S ≠ for all the stages are positive .It means that the corresponding activated complexes were with lower degree of arrangement than the initial state. The positive values of ∆H ≠ and ∆G ≠ for all the stages show that they are connected with absorption of heat and they represent non-spontaneous processes at normal temperature. 
Conclusion
The thermal decomposition of AIMOIPD was investigated in detail by TG and DTG analyses. The kinetic parameters of decomposition were obtained by the iso-conversional and invariant methods. AIMOIPD decomposed in three stages. The rate of decomposition of third stage is slow due to high energy of activation when compared to stages I and II. The decomposition reaction is endothermic as shown by the positive values of ∆G ≠ and ∆H ≠ for all the stages, which indicates that the decomposition processes are nonspontaneous processes. The decomposition kinetic models are determined for stage I as F2 whereas for stages II and III as F3.
